Each of the four main polar lipids from
Introduction
Omega-3 fatty acids, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), are recognized as having beneficial effects in human health for prevention or treatment of a variety of diseases (Dyerberg et al., 1978) . These polyunsaturated fatty acids have been shown to produce positive effects in three physiological areas, related to the heart and circulatory functions, inflammatory responses and cancer treatment. At a NATO Advanced Research Workshop (Simopoulos, 1989 ) the roles of EPA and DHA as anti-aggregatory, antithrombolytic and anti-inflammatory agents were confirmed, while in other areas it was concluded that promising observations required substantiation through further research.
While the major commercial source of these fatty acids is fish and fish oils, methods for their recovery from fish oils are complex and supply from fish is unlikely to meet future requirements. Hence alternative sources are being sought. Omega-3 fatty acids in fish oils are not synthesized de novo by the fish but rather originate in the marine micro-organisms upon which the fish feed. Consequently, algae, produced in efficient photobioreactors, or in open tanks or ponds, are being considered as sources of purified omega-3 fatty acids or as a biomass feed for use in mariculture. We have previously described factors affecting production of EPA by the diatom Phaeodactylum tricornutum (Yongmanitchai & Ward, 1991a) . This alga has been found to produce up to 133 mg EPA ml-' in batch culture, which amounted to 28% of total fatty acids produced. A simple silica gel cartridge method was used to separate the polar and non-polar lipids extracted from P . tricornutum, with four main polar lipids being isolated. Approximately 90 YO of the total EPA produced by P . tricornutum was associated with the polar lipid fraction (Yongmanitchai & Ward, 1992) .
We have now separated the molecular species present in each of the main polar lipid fractions, characterized the fatty acid components in each species and determined their positional distribution in the lipid molecule. W . Yongmanitchai and 0. P . Ward Culture conditions. The diatom was cultivated under conditions described previously .
Reagents. All solvents and chemicals used were either analytical or HPLC grade and were obtained from Fisher and Caledon. Lipid and fatty acid standards, lipase from Rhizopus arrhizus and phospholipase A, from Crotalus arox venom were purchased from Sigma.
Lipid extraction.
A modification of the method of Bligh & Dyer (1 959) was used.
Preliminary fractionation of lipid by silica gel cartridge. For preliminary separation of lipid into non-polar and polar lipid classes, each fraction was eluted successively from a disposable silica cartridge by different organic solvent systems with increasing polarity, as described previously (Yongmanitchai & Ward, 1992) .
Molecular species separation of lipids by HPLC. Lipid molecular species were analysed by using an HPLC (Waters, Millipore Corporation) consisting of an auto-injector WISP 712, a multisolvent delivery system 600E, an absorbance detector 484, a differential refractometer R401 and an integrator data module 745. A fraction collector (Retriever IV, ISCO) was connected to the detector outlet for collection of each individual peak for further analyses. Analysis conditions for separation of each individual lipid class were as follows.
Molecular species of galactolipids, including monogalactyosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG) and sulphoquinovosyldiacylglycerol (SQDG), were separated by reverse-phase HPLC, using Spherisorb ODS I1 5 pm (4-6 x 150 mm) and a UV detector at 202 nm (Yamauchi et al., 1982) . The same solvent system, methanol/water (90: 10, v/v) was employed for the three lipids; a flow rate of 1.0 ml min-' was used for MDGD and 1.5 ml min-' for DGDG and SQDG.
The phosphatidylcholine (PC) fraction was pre-purified using normal-phase HPLC on Zorbax Sil 5 pm (4.6x250mm) eluted with acetonitrile/methanol/water (50 : 45 : 6.5, by vol.) at a flow rate of 0-4 ml min-' (Kaitaranta & Bessman, 1981 ). The purified phospholipid was then separated into molecular species by reverse-phase HPLC using Spherisorb ODS I1 5 pm (4.6 x 150 mm) and a UV detector at 205 nm. The mobile phase was methanol/water/acetonitrile (90.5 : 7 : 2.5, by vol.) containing 20 mM-choline chloride; the flow rate was 1.0 ml min-' for 25 min and was then increased to 1.5 ml min-' for 15 min.
Determination of positional distribution of fatty acids. The positional distribution of fatty acids in galactolipids was determined by enzyme hydrolysis of sn-Z fatty acids using lipase from Rhizopus arrhizus (Fischer et al., 1973) . Hydrolysis of fatty acids at the sn-2 position of PC was carried out by phospholipase A, as described by Watanabe et al. (1980) . After incubation, the hydrolysate was extracted twice with chloroform/methanol (2 : 1, v/v). The chloroform layer was collected and dried under nitrogen. The hydrolysates were redissolved in hexane/diethyl ether (1 : 1, v/v) and loaded into a silica cartridge (SepPak, Waters). Free fatty acids were eluted from the column by 15 ml hexane/diethyl ether (1 : 1). The remaining lysolipids were washed out with 15 ml methanol. Each fraction was collected and its fatty acid constituents determined by gas chromatography after transmethylation.
Fatty acid analysis. Lipid and fatty acid samples were transmethylated using the acid methanolysis procedure of Holub & Skeaff (1987) and injected into a gas chromatograph, Shimadzu model GC-l4A, equipped with flame ionization detector and data integrator model C-Polar lipids of P. tricornutum UTEX 640 R6A, as previously described (Yongmanitchai & Ward, 1991b) . As fatty acid standards of 16:2, 16:3 and 16:4 were not commercially available, the equivalent chain length (ECL) technique (Christie, 1987 (Christie, , 1988 Miwa et al., 1960) was used for identification of these fatty acids. For determination of specific sugars in lipid fractions, glycosylglycerol lipids were hydrolyzed according to a modification of the method of Holub & Skeaff (1987) . Lipid fractions in chloroform were placed in 15 ml screw-capped test tubes and dried at 40 "C under a stream of nitrogen. Distilled water (0.5 ml) and 2 ml acidified methanol (6 YO, v/v, H,SO, in methanol) were added. The solution was vigorously vortex-mixed for 2 min, then the screw cap was tightened. Tubes were incubated at 80 "C for 12 h to achieve hydrolysis and the aqueous methanolic phase was then neutralized with 1 M-NaOH. The hydrolysate was extracted twice with chloroform (2 ml) to remove free fatty acid, and the remaining aqueous methanolic hydrolysate was dried under vacuum at 50 "C and redissolved in 1 ml distilled water for galactose determination.
Determination of galactose. Galactose was determined enzymically using a lactose/D-galactose kit (Boehringer Mannheim).
Results and Discussion
Each of the four polar lipids, MGDG, DGDG, SQDG and PC, separated on a silica gel cartridge, was then separated into its molecular species by reverse-phase HPLC and the positional distribution of fatty acids in each molecular species was determined. The lipid extraction, fractionation, purification and characterization procedure is summarized in Fig. 1 .
MGDG fraction
For this fraction, 10 species of lipids were successfully isolated by reverse-phase HPLC (Fig. 2) . In contrast, the MGDG fractions from spinach leaves (Yamauchi et al., 1982) and the green alga Dunaliella salina (Lynch et al., 1983) contained five and six peaks, respectively. EPA (20:5) was one of the major fatty acids and was a significant component in every peak, except MG9 and MG10. DHA (22: 6), another long-chain polyunsaturated fatty acid, was detected in two peaks in minor quantities. Peak MG2 was quantitatively the principal molecular species (Table 1) . It contained EPA and 16 : 4 at approximately equimolar concentrations. The secondlargest peak was MG7, i.e. 20: 5-16: 1-MG (MG, monogalactose). The concentration of galactose in all peaks matched well with the amounts of dominant fatty acids in each molecular species at the ratio of approximately 1:2. Therefore, the identification of this fraction as MGDG was confirmed. Table 2 shows the positional distribution of fatty acid of each MGDG molecular species after hydrolysis by lipase from Rhizopus arrhizus. EPA was concentrated in the sn-1 position of this lipid fraction. On the other hand, 16:4 was found mainly at the sn-2 position. The results clearly identified the position of the fatty acids in all molecular species. The sequence of lipid elution followed the equivalent carbon number (ECN) theory (Christie, 1987) except for MG1 (20: 5-16:O-MG).
In the MG4 peak, there appeared to be at least two fused peaks, as there were four major fatty acids, two in the sn-1 and two in the sn-2 position. Examination of the chromatogram showed that this peak was asymmetric. Based on ECN values, the two lipids were possibly a critical pair of 20 : 5-16 : 3-MG and 20 : 4-16 : 4-MG, which had a tendency to elute together (El-Hamdy & Perkins, 1981). Peak MG3 contained only one major identified fatty acid, EPA, and its concentration was much higher than and did not seem to match quantitatively the remaining identified fatty acids. However, there was another, unknown, fatty acid, the concentration of which was close to that of EPA. Its retention time was between those of 18:3 and 20:4, which indicated that this acid might be 18:4. Moreover, the calculated ECN value of this particular molecular species was 20, while the previous peak was undoubtedly 20 : 5-16 : 4-MG with an ECN value of 18. On this basis it was tentatively concluded that this fatty acid was 18:4.
In contrast to a marine red alga, Porphyra yezoensis, where EPA was the primary fatty acid at both the sn-1 and sn-2 positions of the glycerol moieties and 16 : 0 was the minor component at both positions of MGDG (Araki et al., 1987) , Phaeodactylurn tricornuturn UTEX 640 contained EPA mainly at the sn-1 position, and a C,, fatty acid was at the sn-2 position.
DGDG fraction
DGDG was separated into seven peaks by reverse-phase HPLC. The fatty acid distribution of most peaks was similar to that of MGDG, where EPA was the major fatty acid ( Table 3 ). The largest DGDG peak was 20 : 5-16: 1-DG (DG, digalactose). In most cases, galactose concentrations in each molecular species agreed with the combined molarity of the two fatty acids in the ratio of 1 : 1. In the DG3 peak, two lipid species appeared to elute together.
The number of isolated peaks was similar to that found in other phytoplankton (Araki et al., 1987; Lynch et al., 1983 ) and in plants (Yamauchi et al., 1982) . Similarities in the fatty acid distribution of dominant DGDG species were also observed between this organism and Porphyra yezoensis (Araki et al., 1987) . Table 4 shows the positional distribution of fatty acids in each recovered peak after enzyme hydrolysis. Analysis of fatty acid position assisted in identifying the two unknown species present in the DG3 peak. The two lipids could be 20 : 5-18 : 2-X and 18 : 1 -16 : 3-X. According to the ECN theory, these two species should have ECN values in the range of 20 to 24 (between DG2 and DG4). Therefore, 20: 5-18 : 2-X, which had an ECN value of 24, was likely to contain digalactose moieties. On the other hand, the X moiety in the 18 : 1-16: 3-X had an ECN value of 26 and could be another sugar or sugar derivative, as it was indicated previously that there was an overlap of a glycosylglycerolipid in the DGDG fraction during elution from the silica gel cartridge (Yongmanitchai & Ward, 1992) .
SQDG fraction
In this fraction, 10 lipid species were collected. The major fatty acids were 14:0, 16:0, 16:l and 20:5 (Table 5) . Four peaks, i.e. SQ1, SQ4, SQ6 and SQ7, were the principal lipids. In contrast to other lipid classes, where trace amounts of C,, acid were detected, the SQDG fraction contained a large quantity of C,, acid, particularly in peaks SQ1 and SQ6. As in other cases, unsaturated fatty acids, including EPA, were usually located at the sn-I position (Table 6 ). The sequence of elution of molecular species from the column did not follow the ECN theory exactly, and the separation of lipid species was not as clean as with the MGDG and DGDG fractions. This irregularity may have been due to the effect of sulphoquinovosyl moieties, which seemed to exhibit very high polarity.
PC fraction
Purification of the major phospholipid, PC, by normalphase HPLC yielded a major single lipid peak on the chromatogram. This phospholipid was separated by reverse-phase HPLC into 11 major peaks ( Table 7) . EPA was present in two predominant molecular species, PC2 and PC6. In contrast to other lipid classes, 22 : 6, which was usually present in small peaks, was one of the fatty Table 8 . Positional distribution of fatty acid in molecular species of lipid in the PC fraction acids in a principal species, PC4. PC6 gave an asymmetrical peak on the chromatogram, suggesting the possible presence of more than one lipid species. Hydrolysis by phospholipase A, assisted in identifying the fatty acids in the sn-1 and sn-2 positions (Table 8) . In many PC molecular species, polyunsaturated fatty acids, 18:2, 18:3, 20:5, and 22:6, tended to stay together, conferring on these lipids very high degrees of unsaturation.
General remarks
In general, the sequence of the elution of molecular species from HPLC columns, based on their ECN (Christie, 1987) (Holub & Kuksis, 1978; Klein & Kemp, 1977) . In contrast, EPA of P. tricornutum UTEX 640 was concentrated mainly at the sn-1 position, particularly in MGDG and DGDG, which was also the case for Porphyra yezoensis (Araki et al., 1987) . In addition, the MGDG lipid of the Phaeodactylum tricornutum UTEX 640 contained a high concentration of 16:4 at the sn-2 position rather than 16: 3 as was indicated in another strain of this organism (Arao et al., 1987) . Arao et al. (1987) determined the distribution of fatty acids at the sn-1 and sn-2 positions of the MGDG, DGDG, SQDG and phospholipid fractions, but the individual molecular species present in each fraction were not separated.
In photosynthetic organisms, it is generally accepted that fatty acid moieties at the sn-2 position of acylglycerol lipids are synthesized either by the chloroplast (prokaryotic pathway) or by the endoplasmic reticulum (eukaryotic pathway) (Frentzen, 1986; Heemskeck & Wintermans, 1987; Roughan & Slack, 1982) . The distribution of fatty acids at the sn-2 positions of acylglycerol lipids generally reflects their biosynthetic origin (Frentzen, 1986; Roughan & Slack, 1982) . Lipids in which the sn-2 position is occupied by c l 6 acids are of plastidic (prokaryotic) origin; those with C,, acids in that position are of cytoplasmic (eukaryotic) origin. For the eukaryotic pathway, in particular, PC plays a central role as the substrate of fatty acid desaturases (Demamdre et al., 1986; Murphy et al., 1985) . If similar metabolic compartmentalization exists in algae, the molecular species of all three galactolipids, i.e. MGDG, DGDG and SQDG, in P . tricornutum UTEX 640 appear to be synthesized entirely in the chloroplast. Such a prokaryotic origin of galactolipids would agree with results for Chlamydornonas reinhardtii, a unicellular green alga (Giroud et al., 1988) . Furthermore, c 1 6 fatty acids were also located at the sn-2 position of many of the triglyceride and PC molecular species of P. tricornutum UTEX 640, suggesting the same chloroplast origin. In contrast, in the PC of Porphyra yezoensis, EPA occurred in both the sn-1 and sn-2 positions, whereas palmitic acid was confined to the sn-1 position (Araki et al., 1987) . Some PC molecular species of P . tricornutum UTEX 640 possessed very high degrees of unsaturation. This was probably due to the function of this lipid at the biological membrane. In order to function properly, particularly at low temperature, membranes have to retain their fluidity (Hanvood & Russell, 1984) . This characteristic relates directly to the fatty acid composition of the membranes, where PC is usually a major component.
The absolute amount of each molecular species present per gram dry weight of cells was also determined ( Table  9) . Of the 45 molecular species isolated, EPA was present in 20 of the proposed structures, but predominantly in the MGDG and DGDG classes, where it was present in 13 of the 17 proposed structures. Only two of the ten SQDG proposed structures contained EPA.
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